Abstract. MicroRNAs (miRNAs) regulate biogenesis and disease development by targeting numerous mRNAs. miRNA (miR)-124 and its direct target, inhibitor of apoptosis-stimulating protein of p53 (iASPP), may be involved in tumor development and progression. The aim of the present study was to explore the role of miR-124-targeted iASPP in glioma. The results demonstrated that miR-124 was aberrantly expressed in astrocytic glioma tissue and in the human glioblastoma cell lines U87 and U251. The expression of miR-124 was lower in astrocytic gliomas compared with normal brain (NB) tissues, with a more reduced expression in higher-grade tumors. In addition, several miR-124 loci (including miR-124-1, miR-124-2 and miR-124-3) were revealed to be more highly methylated in U87 cells compared with methylation levels in U251 cells and NB cells. Furthermore, the expression of iASPP was higher in high-grade astrocytic gliomas compared with low-grade astrocytic gliomas. miR-124 overexpression effectively inhibited U87 and U251 cell migration. In addition, miR-124 regulated cell viability and arrested the cell cycle at the G0/G1 phase in these two cell lines. miR-124 also reduced the expression levels of the cell cycle related genes iASPP, cyclin-dependent kinase (CDK)4, CDK6 and cyclin D1. Results from the present study indicated that expression of the miR-124 target gene iASPP may contribute to glioma development and progression.
Introduction
Gliomas are the most common primary brain tumors in adults (1) . Astrocytomas are a type of glioma that are graded between I and IV according to a World Health Organization (WHO) grading system, which is determined following pathological evaluation of the tumor. Low-grade gliomas (WHO grade I and II) are well differentiated with a good prognosis, whereas high-grade gliomas (WHO grade III and IV) are malignant with a poor prognosis (2) .
MicroRNAs (miRNAs) are small noncoding RNAs that function as negative regulators of posttranscriptional gene expression by binding with the 3'untranslated regions of target mRNAs to either inhibit their translation or promote degradation (3, 4) . Altered miRNA expression has been associated with cancer development and drug resistance (5) . Ectopic miRNA expression may aid in cancer diagnosis, prognosis and therapy, and may predict possible responses to treatment (6) . miRNA (miR)-124 is highly conserved in animals and is the most abundantly expressed miRNA in the embryonic and adult brain, serving a key role in neurogenesis (7) (8) (9) . A recent study reported that miR-124 expression is downregulated in a variety of human cancers, and is therefore considered to be a tumor suppressor (10) . miR-124 was also demonstrated to inhibit the migration and invasion of glioma cells, and reduced miR-124 expression may be predictive of a poor prognosis in patients with gliomas (11) (12) (13) . miR-124 has numerous mRNA targets that are related to the cell cycle, oncogenesis and cancer metastasis (14) (15) (16) , such as cyclin-dependent kinase (CDK)6, inhibitor of apoptosis-stimulating protein of p53 (iASPP) and IQ motif containing GTPase activating protein 1 (IQGAP1) (17) (18) (19) . iASPP is involved in cancer metastasis and is a promising therapeutic target (20, 21) . Although miR-124 targeting of iASPP has been implicated in glioma progression (22) , the specific role remains to be elucidated.
In the present study, the expression levels of miR-124 and iASPP were examined in human glioma tissues and in human U251 and U87 glioma cell lines. In addition, the methylation status of miR-124 in U251 and U87 cells was examined and iASPP, a microRNA-124 target, is aberrantly expressed in astrocytoma and regulates malignant glioma cell migration and viability Table I . A total of 14 healthy normal brain (NB) tissues were collected from patients receiving treatment of cerebral injury by internal decompression and treatment of epilepsy by temporal lobe resection (9 male and 5 female, 8 <50 years old, 6 ≥50 years old). The human glioblastoma cell lines U87 and U251 were purchased from Peking Union Medical College (Beijing, China) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 10 U/ml penicillin and 0.1 mg/ml streptomycin (Sigma-Aldrich; Merck KGaA), at 37˚C and 5% CO 2 .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
For RT-qPCR, 0.1 g tissues and 5x10
6 cells were used to extract total RNA using the mirVana miR Isolation kit (Ambion; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocols. The mature form of miR-124 was detected using the miRNA RT kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) and TaqMan Universal PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. The primers were used as previously described (23) . Reverse transcription reactions were incubated for 10 min at 16˚C, 30 min at 37˚C and 5 min at 65˚C. The real-time PCR protocol was used as follows: 95˚C for 2 min, followed by 40 cycles at 95˚C for 15 sec, 60˚C for 60 sec and 70˚C for 30 sec. U6 was used as an internal control. qPCR was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and analyzed using CFX Maestro Software, Chinese edition (12005260; Bio-Rad Laboratories, Inc.). The relative quantitative value for each target gene was performed using the 2 -ΔΔCq method (24) .
Oligonucleotide transfection. miR-124 mimics and miRNA-negative control were purchased from Life Technologies (Thermo Fisher Scientific, Inc.). The sequence of the miR-124 mimics was 5'-UAA GGC ACG CGG UGA AUG CC-3' and the miR-negative control sequence was 5'-UUG UAC UAC ACA AAA GUA CUG-3'. U251 and U87 cells (3.5x10 5 cells/well) were seeded into 6-well plates and transfected when the cells reached 60% confluence; 50 nmol/l miR-124 mimics and miRNA-negative control were transfected as previously described (25) using Lipofectamine RNAiMAX (Thermo Fisher Scientific, Inc.), following the manufacturer's protocol. The medium was removed and fresh growth medium was added 6 h after transfection at 37˚C; cells were incubated for 36 h at 37˚C prior to collection for analysis. Three independent repeats were performed for all experiments.
Bisulfite sequencing PCR. U87 and U251 cells (6x10 5 ) and NB astrocytes were treated with the MethylCode Bisulfite Conversion kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. Genomic DNA was extracted using the QIAamp DNA Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. PCR was performed using TaqMan Universal PCR Master Mix (Thermo Scientific, Inc.). The primer sequences are listed in Table II . PCR amplification was conducted with the following parameters: initial denaturation at 95˚C for 3 min, followed by 40 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 40 sec, followed by 1 cycle of 72˚C for 5 min. The amplified fragments were cloned into the pMD18-T vector (Takara Bio, Inc., Tokyo, Japan) and 8 clones were randomly selected for sequencing (Invitrogen; Thermo Scientific, Inc.).
Immunof luorescence staining. Tissues were fixed using 4% Paraformaldehyde for 24 h at room temperature. Immunofluorescence staining was performed on formalin-fixed/paraffin-embedded sections (4 µm), as previously described (18) . Primary antibodies include rabbit anti-iASPP polyclonal antibody (ab34898; 1:100; Abcam, Cambridge UK), mouse anti-glial fibrillary acidic protein (GFAP) monoclonal antibody (MAB360; 1:100; EMD Millipore, Billerica, MA, USA) or mouse anti-neuronal nuclei (NeuN) monoclonal antibody (MAB377; 1:100; EMD Millipore). Cy3 donkey anti rabbit IgG (711-165-152; 1:800; Jackson Immunoresearch, West Grove, PA, USA) and Alexa Fluor 488 donkey anti mouse IgG (715-545-150; 1:800; Jackson Immunoresearch) were used as secondary antibodies. Cell nuclei were stained with DAPI (Invitrogen; Thermo Fisher Scientific, Inc.). Sections were observed under a fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany). Four fields were detected per slide.
Cell viability assay. The effects of miR-124 on cell proliferation were determined by MTT assay. MTT (Sigma-Aldrich; Merck KGaA) was dissolved in distilled H 2 O (5 mg/ml) and sterilized through a 0.22-µm filter. Briefly, U87 and U251 cells (3x10 3 cells/well) were seeded into 96-well plates and transfected at 24 h after seeding. At 0, 24, 48, 72 and 96 h following transfection, cells were incubated at 37˚C and 20 µl MTT solution was added to each well and cells were incubated for 2 h at 37˚C. Following removal of the medium, the colored formazan product was then dissolved in 150 µl dimethylsulfoxide. Optical density was measured at 570 nm using a microplate reader (Bio-Rad Laboratories, Inc.). Triplicate wells were assayed for each time point.
Cell cycle analysis. At 48 h following miRNA transfection at 37˚C, 1x10
6 U87 and U251 cells were collected and fixed overnight in 70% ethanol at 4˚C and subsequently treated with 0.5 mg/ml RNase in PBS at 37˚C for 30 min. Cell nuclei were stained with 50 µg/ml propidium iodide at 4˚C for 30 min. Cells (1x10 6 ) were analyzed for their DNA content using BD FACSDiva software version 8.0.1 (BD Biosciences, Franklin Lakes, NJ, USA) in a BD Influx flow cytometer (BD Biosciences).
Western blot analysis. Western blotting was performed as previously described (26) . Briefly, ~0.5 g of tissue was used to extract the protein. The protein concentration was determined by a Bicinchoninic Acid Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.), using bovine serum albumin (Pierce; Thermo Fisher Scientific, Inc.) as the standard. Protein samples (100 µg/lane) were separated by 8 or 10% SDS-PAGE and subsequently transferred to polyvinylidene fluoride membranes (EMD Millipore). Following blocking in 5% skimmed milk for 2 h at room temperature, the membranes were incubated overnight at 4˚C with the following antibodies: rabbit anti-CDK4 polyclonal antibody (sc-260; 1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), mouse anti-CDK6 polyclonal antibody (3136; 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit anti-iASPP polyclonal antibody (ab34898; 1:1,000; Abcam), rabbit anti-Cyclin D1 polyclonal antibody (sc-717; 1:200; Santa Cruz Biotechnology, Inc.) and rabbit anti-β-actin polyclonal antibody (sc-7210; 1:5,000; Santa Cruz Biotechnology, Inc.). β-actin was used as an internal loading control. Membranes were subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary immunoglobulin G-horseradish peroxidase (HRP) (sc-2004; 1:2,000; Santa Cruz Biotechnology, Inc.) or goat anti-mouse secondary immunoglobulin G-HRP (sc-2005; 1:2,000; Santa Cruz Biotechnology, Inc.) in blocking solution for 1 h at room temperature. Protein bands were visualized by Western Chemiluminescent HRP Substrate (EMD Millipore).
Protein expression levels were normalized to the β-actin loading control. The relative optical density of protein bands was measured following subtraction of the film background using Image-Pro Plus version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Wound-healing assay. Cells were seeded into 6-well plates at a density of 8x10 5 cells per well. At 24 h after seeding, miR-124 mimics and miR-negative controls were transfected into cells with at least 70% confluence in 6-well plates. Following 6 h transfection, cell layers were scratched using a 200 µl sterile pipette tip to form wound gaps and washed immediately with serum-free medium twice. Wounds were measured at 0 and 24 h. Images of the wound width were captured for 6 fields in each well and analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc.). Relative migration rate=(start distance-end distance)/start distance.
Statistical analysis. Group distributions were compared parametrically using the Student's t-test or by one-way analysis of the variance with Scheffe's post hoc test; group distributions were compared non-parametrically using the Mann-Whitney U-test. All analyses were done using GraphPad Prism software version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference. 
Results

Expression of miR-124 in astrocytic glioma tissues and cell lines.
The expression levels of miR-124 were quantified by RT-qPCR in 66 astrocytoma (grade II, 19; grade III, 25; grade IV, 22), 14 healthy NB control tissues and the glioma cell lines, U87 and U251 (Fig. 1) . miR-124 expression was significantly lower in the three astrocytic glioma tissues compared with NB controls (P<0.001). The expression level of miR-124 in low-grade gliomas (grade II) was significantly higher compared with expression in the high-grade gliomas (P<0.05 vs. grade III; P<0.01 vs. grade IV), whereas miR-124 expression was lower in grade IV gliomas compared with grade III (P<0.05). miR-124 expression in gliomas is not influenced by gender or age (data not shown). These results indicated that the downregulation of miR-124 may be related to the degree of malignancy of the glioma, and suggested a putative crucial role for downregulation of miR-124 in the initiation and progression of glioma. Although U87 and U251 are both human glioblastoma cell lines and demonstrated low expression level of miR-124, the expression level of miR-124 in U87 cells was significantly lower compared with U251 cells ( Fig. 1; P<0 .01).
Methylation of the miR-124 promoter in U87 and U251 cells.
The present study also investigated whether the difference in the expression level of miR-124 between U87 and U251 cells was due to methylation status of the miR-124 promoter. It has been predicted that more than 90% of the human miRNA promoters are located 1,000 bp upstream of DNA sequence which can be transcribed to the mature miRNA. (27) . miR-124 is transcribed from three loci: hsa-miR-124-1, has-miR-124-2 and has-miR-124-3. Thus, PCR primers were designed in the 1,000 bp upstream region flanking the miR-124 sequence. These sequences flanking hsa-miR-124-1, has-miR-124-2 and has-miR-124-3 were located in gi|224589820: c9761982-9760983, gi|224589820:65290706-65291705 and gi|224589812:61808852-61809851, respectively (https://www.ncbi.nlm.nih.gov/gene; Fig. 2A ). Bisulfite genomic sequencing results confirmed the hypomethylation of miR-124-1, miR-124-2 and miR-124-3 CpG islands in astrocytes from human control tissues and hypermethylation of miR-124-1, miR-124-2 and miR-124-3 in U87 and U251 cells (Fig. 2B) . miR-124 loci were more highly methylated in U87 cells compared with U251 cells. These methylation data were consistent with the RT-qPCR result in these cells, which demonstrated low expression of miR-124 in U87 cells and relatively high expression in U251 cells.
Expression of iASPP protein in astrocytic glioma tissues.
To determine the relationship between the expression of iASPP and astrocytoma grades, iASPP protein expression levels were detected by western blotting and immunofluorescence. The result demonstrated that iASPP protein expression levels significantly increased with advancing WHO gliomas grade (Fig. 3A) . However, the protein expression level of iASPP was significantly lower in WHO grade I glioma compared with NB control (P<0.05). The cellular distribution of iASPP was examined by immunofluorescence staining. iASPP expression was almost undetected in astrocytes from NB, while gradually increased in Grad II to Grade IV astrocytomas. Highly positive staining of iASPP was observed in the neurons of NB (Fig. 3B and C) . 
miR-124 inhibits U87 and U251 cell migration.
To confirm the effects of miR-124 on the glioma cell migration, wound-healing assays were performed in U87 and U251 cells that were transfected with miR-124 mimics or miR-negative control oligonucleotides. The results revealed that miR-124 mimics significantly inhibited wound closure in U87 and U251 cells compared with cells in the miR-negative control groups (P<0.05; Fig. 4 ). These results indicated that the upregulation of miR-124 expression attenuated the migratory ability of glioma cells.
miR-124 inhibits cell viability and induces cell-cycle arrest in glioma cells.
To determine whether miR-124 affects cell growth and proliferation, MTT assays and cell cycle distribution assays were performed. Compared with the miR-negative control group, U87 cells transfected with miR-124 mimics exhibited reduced viability at 48 and 72 h post-transfection (P<0.05; Fig. 5A ). miR-124 mimics transfection significantly inhibited cell viability in U251 cells at 48 h compared with cells transfected with the miR-negative control oligonucleotides (P<0.05; Fig. 5B ). The cell cycle status was analyzed in U87 and U251 cells using the flow cytometer 48 h post-transfection with miR-124 mimics or miR-negative control (Fig. 5C-F) . The percentage of cells at S phase cells was significantly lower in miR-241 mimics transfected U87 cells (21.0±5.7%) compared with the percentage of S phase cells in the miR-negative control group (33.8±4.1%; P<0.05; Fig. 5C and D) , whereas the Discussion miR-124 is a tumor suppressor, and its expression is significantly decreased in many types of cancer (28, 29) . miR-124 expression has been reported to decrease tumor initiation, promotion and progression in different cell culture systems and in animal models (11) (12) (13) . In the present study, reduced expression of miR-124 was observed in astrocytoma tissue, with a more pronounced reduction in high-grade gliomas, which was consistent with previous reports (11, 12) . These findings indicated that the low expression levels of miR-124 may be involved in the pathological progression of astrocytoma.
Epigenetic silencing of miRNAs together with their target tumor suppressors is becoming a common hallmark of human tumors (30) . DNA methylation-based silencing is functionally involved in carcinogenesis (31) . Epigenetic silencing of miR-124 by hypermethylation of CpG islands frequently occurs in different tumors, including leukemia, lung cancer and colon cancer (28) . The present study demonstrated that the expression level of miR-124 was lower in U87 cells compared with U251 cells, which may be due to a higher level of methylation in the miR-124 promoter region in U87 cells. A recent study demonstrated that miR-124 expression is upregulated in glioblastoma cell lines following treatment with a combination of 5-aza-2'-deoxycytidine (decitabine), a DNA demethylating agent, and trichostatin A (TSA), a histone deacetylase inhibitor, whereas no significant difference in expression was observed in cells treated with decitabine or TSA alone (31) . These data suggested that the expression of miR-124 was not regulated by DNA methylation alone, but by a variety of epigenetic modifications. Further investigations are required to define the full extent of DNA methylation that affects miR-124 expression in glioma cell lines and tumors.
As a direct target of miR-124, iASPP is involved in cellular processes, including cell cycle, apoptosis and autophagy (32) (33) (34) . iASPP is upregulated in a number of tumors, such as leukemia, lung cancer and hepatocellular carcinoma (35) (36) (37) . In the present study, iASPP was expressed at low levels in the astrocytes of NB tissue, whereas expression was high in NB neurons, which may be the reason that the expression level of iASPP is higher in NB tissues compared with astrocytoma Grade II. The present study did not detect the expression of iASPP in astrocytes of NB tissue by western blotting; therefore, thorough investigations need to be conducted to explore the expression and role of iASPP both in astrocytoma cells and in all kinds of cell types of NB.
Results from the present study demonstrated that miR-124 may be involved in regulating cell viability and migration in human glioblastoma cells. Overexpression of miR-124 resulted in significant changes in cell migration and viability, and miR-124 may regulate glioblastoma cell viability by arresting the cell cycle at the G0/G1 phase. The cell cycle is tightly regulated by a number of molecular pathways and checkpoints, which may be altered in tumors. miR-124 has a variety of mRNA targets that are associated with the cell cycle, such as CDK6, iASPP and CDK4 (17, 18, 38) . In this study, the results of these previously published reports were confirmed; further suggesting that miR-124 may influence the cell cycle in glioma cells. CDK4, CDK6 and iASPP have recently been identified as direct targets of miR-124 (17, 18, 38) . iASPP was reported to downregulate the expression of cyclin D1 (32) , which controls the transition from the G1 phase to the S phase. Another direct target of miR-124 is IQGAP1 (not examined by the present study), which is suppressed by miR-124 leading to a downregulation of β-catenin and downstream cyclin D1 expression (19) .
In conclusion, the present results indicated that miR-124 is downregulated in glioma cells and this reduced expression level may promote tumor growth and progression. In addition, miR-124 may serve as a potential biomarker for pathological diagnosis and represents a promising therapeutic target for the treatment of glioma.
